ABSTRACT: We analyzed data from riffle and snag habitats for 39 small cold water streams with different levels of watershed urbanization in Wisconsin and Minnesota to evaluate the influences of urban land use and instream habitat on macroinvertebrate communities. Multivariate analysis indicated that stream temperature and amount of urban land use in the watersheds were the most influential factors determining macroinvertebrate assemblages. The amount of watershed urbanization was nonlinearly and negatively correlated with percentages of Ephemeroptera-PlecopteraTrichoptera (EPT) abundance, EPT taxa, filterers, and scrapers and positively correlated with Hilsenhoff biotic index. High quality macroinvertebrate index values were possible if effective imperviousness was less than 7 percent of the watershed area. Beyond this level of imperviousness, index values tended to be consistently poor. Land uses in the riparian area were equal or more influential relative to land use elsewhere in the watershed, although riparian area consisted of only a small portion of the entire watershed area. Our study implies that it is extremely important to restrict watershed impervious land use and protect stream riparian areas for reducing human degradation on stream quality in low level urbanizing watersheds. Stream temperature may be one of the major factors through which human activities degrade cold-water streams, and management efforts that can maintain a natural thermal regime will help preserve stream quality. 
INTRODUCTION
Watershed management professionals pay special attention to the influence of watershed urban development on stream ecosystems because this land use is known to substantially alter streamflow patterns, channel morphology, water quality, and biological communities (see reviews by Paul and Meyer, 2001; . One of the essential steps in watershed land use management is to identify an instream indicator that can serve as a surrogate for all the other instream perturbations resulting from urbanization and against which best-case land use scenarios can be developed.
Stream macroinvertebrate communities are commonly used as surrogate indicators because their assemblages consist of a variety of species with different life histories that are sensitive to degradation, play an important functional role in stream ecosystems, and have been found to respond to a range of urbanization effects on streams . Macroinvertebrate assemblages represent the end point of the combined influences of hydrology, channel morphology, and water quality and quantity and have been shown to respond predictably to these factors within specific geographical regions (Wright et al., 1984) . Macroinvertebrate assemblages have proven to be a relatively accurate and easily measured indicator of the overall quality of a stream ecosystem (Karr and Chu, 1999) . Although a growing body of literature has documented the substantial changes in macroinvertebrate communities resulting from urban development, generalized quantitative relations between levels of urbanization in mixed agriculture and urban watersheds and the quality of macroinvertebrate communities in cold water streams have not been established. Such quantitative relations can provide insight on how instream conditions respond to the level of land use changes in the
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Another essential step in watershed management is to identify the key natural and human induced environmental factors that most strongly influence biological communities. Consequently, the best management strategies can then be developed to focus on these key factors. Studies have demonstrated that the biological composition of streams is largely influenced by localized physical and chemical factors, such as water quality, energy source, substrate, channel morphology, and flow and thermal regimes (Southwood, 1977; Minshall, 1988; Townsend and Hildrew, 1994) . These localized habitats are in turn mainly determined by watershed features, such as surficial geology, soil type, bedrock type and depth, watershed topography, land cover, and climate (Richards et al., 1996; Allan and Johnson, 1997; Johnson and Gage, 1997; Wiley et al., 1997) . For a specific stream type, such as small cold water streams in a relatively small geographic region, the natural variation of certain properties of biological communities are expected to be small, and any major deviation in these biological properties from natural variation can be attributed to the influence of human induced land cover changes in the watershed and activities in the stream. Although there is extensive evidence that urban land use in a watershed can dramatically modify stream physical, chemical, and hydrological properties and alter macroinvertebrate communities, there is only a limited understanding of how human induced land cover changes in a watershed influence a stream and its associated macroinvertebrate communities through multiple direct and indirect pathways operating at different spatial and temporal scales (Allan and Johnson, 1997) .
Effective watershed management also requires information on the spatial distribution of land use because the locations of land uses within a watershed are likely to determine their impacts on the biological communities of a stream. Although a number of reports have examined the influence of different spatial scale agriculture/forest land uses on stream macroinvertebrates (e.g., Richards et al., 1996; Roth et al., 1996; Fitzpatrick et al., 2001; Sponseller et al., 2001; Stewart et al., 2001) , few studies have evaluated such an influence for mixed urbanagriculture dominated watersheds. Among the limited studies, Steedman (1988) and May et al. (1997) reported that a positive relation exists between the width of forested riparian corridors and fish and invertebrate biotic integrity in urbanizing watersheds of forest regions of southern Ontario and western Washington state. Wang et al. (2001) also found that effective imperviousness within a 50 m buffer along a stream or within a 1.6 km radius upstream of the sampling site had more influence on warm water stream fish and baseflow than did comparable amounts of imperviousness further away from the site in southeastern Wisconsin. Little is known about the difference of such a spatial influence for mixed urbanand agriculture dominated watersheds for macroinvertebrates in cold water streams.
In this study, we analyzed 39 small cold water watersheds along an urban/agriculture land use gradient for stream macroinvertebrate communities and watershed land uses to describe relations between urban land use and some of the key macroinvertebrate indicators. These relations can provide tools for evaluating the effectiveness of urban best management practices and for predicting future stream conditions for planned urban development so that land use scenarios can be prioritized. We also identified key environmental factors that were strongly correlated with macroinvertebrate composition to identify the dominant land uses and instream habitats in order to explore the linkage among watershed, riparian corridor, and instream features and their influence on biological communities. Additionally, we evaluated the relative importance of different spatial scales of land use in influencing stream macroinvertebrate communities. This analysis provides information useful for watershed researchers, managers, and planners to assist in prioritizing landscape development locations so that more sensitive areas in the watershed can be protected and urban impacts on streams can be minimized.
METHODS

Study Area
The study streams ( Figure 1 ) were chosen to include watersheds that had a range of urban land use in Wisconsin and eastern Minnesota. These streams were either presently designated as trout streams by state agencies or were not currently considered trout streams but had historically contained self-sustained trout populations. These stream selection criteria not only met the need for the macroinvertebrate study but also satisfied a parallel study for evaluating urban impacts on cold water fishes . We chose some streams in Minnesota because we had prescreened all possible cold water streams that have some extent of urban land use in the watersheds and we did not have a sufficient number of watersheds with high levels of urban land use in Wisconsin.
A single stream site was sampled within each of the 39 watersheds. All the sites were chosen to minimize potential natural variation, such as thermal and hydrological regimes, which may influence biological attributes, while maximizing variation in the amount of urban land use. In the absence of different watershed land uses, these cold water stream sites would be expected to have similar physical habitat, thermal and hydrological regimes, and biological communities (Lyons, 1996) .
Habitat Assessment
Stream physical habitat, baseflow, and water temperature were measured at each site during 1999 or 2000. Because macroinvertebrate composition is more strongly correlated with segment scale and reach scale environmental characteristics than physical features at the point where the macroinvertebrates were sampled (Carter et al., 1996) , we assessed stream habitat at a site length of about 35 times mean stream width, or a minimum of 100 m. Such a site length was sufficient to encompass about three meander sequences and has commonly been used for fish habitat assessment (Simonson et al., 1994; Wang et al., 1996) . We established the sampling sites more than 30 m away from bridges or culverts to avoid the influence of these artificial obstructions.
We sampled stream physical habitat during June and July 1999 for most sites and July 2000 for 11 sites, when low streamflows facilitated effective sampling. At each site, 30 habitat variables encompassing channel morphology, bottom substrates, cover, bank conditions, riparian vegetation, and land use were measured or visually estimated along 12 transects using standardized procedures (Simonson et al., 1994) .
Stream water temperature was recorded at a location near the downstream end of each site using an Onset StowAway temperature data logger. The water temperature was recorded every 30 minutes between late May and early October of 2000. Stream baseflow was measured at a single transect near the downstream end of each site using a Flow-Mate model 2000 portable flow meter. All flow measurements were made during a four-day period in late October 2000, when flows were likely to have been at or near their annual minimum based on gaged sites in the region. No rainfall had occurred for at least 10 days before this sampling.
Macroinvertebrate Sampling
Two types of macroinvertebrate samples were collected from each site using a 600 mm mesh D-frame kick net in early October 2000 following the procedures described by Hilsenhoff (1987) . All sampling occurred at baseflow conditions. The first sample was collected from riffles or other rocky substrates; if rocky substrates were not present, then snags were sampled to ensure the sample was from the most representative habitat at each site. The second sample was collected only from snags such as overhanging grasses, logs, woody debris, and leaf packs to ensure that these data were comparable across all the sites because rocky substrates were not present at all study sites.
The riffle or rocky substrate samples were collected by placing the net on the stream bottom and kicking an area immediately upstream of the net so that the macroinvertebrates were dislodged and washed into the net. In addition, individual rocks were picked up and the attached macroinvertebrates were removed. This process was repeated in at least three locations within the same riffle or different riffles until approximately 125 organisms with available tolerance values were collected. The snag samples were collected by placing a net in the water column where it would collect most of the dislodged debris. The snags were disturbed by scraping them with the net or shaking them by hands or feet. At each site, all available snag types and multiple locations were sampled with first consideration given to larger snags with higher water velocity until approximately 125 organisms with available tolerance values were collected. In areas with extremely low habitat diversity or low macroinvertebrate abundance, the sampling effort was continued until all the habitats within the sampling site were sampled or a total of 1.5 person hours was reached. The materials collected in the sampling net were rinsed in the stream to remove fine sediments. Large debris in the net was hand scraped to wash off macroinvertebrates and then discarded. All remaining materials in the net were placed in a sampling bottle with 80 percent ethanol.
The macroinvertebrate identification was done by faculty and students at the entomology laboratory of the University of Wisconsin-Stevens Point through a contract between the university and the Wisconsin Department of Natural Resources. In the laboratory, the samples were placed in a glass pan positioned over a grid comprising 6.5 cm 2 squares. Grid squares were randomly chosen to separate macroinvertebrates from other materials until a minimum of 125 organisms with tolerance values were picked or the entire sample was sorted. All the other organisms without tolerance value in the selected grid squares were also picked. All the picked organisms were counted and identified to species or to the lowest taxonomic level possible.
Watershed and Riparian Land Use Delineation
We delineated watershed boundaries upstream of each sampling site using the ARC/VIEW automated procedures based on a Digital Elevation Model with a 30 m resolution. These watershed boundaries were then manually verified and corrected by referencing 1:24,000 digital topographic maps. We quantified the land uses within each watershed upstream of the sampling site by overlaying catchment boundaries on top of the Wisconsin Initiative for Statewide Cooperation on Landscape Analysis and Data (WISCLAND). The WISCLAND is a satellite derived land cover map that was originated in 1992 for Wisconsin and was collected by the Landsat Thematic Mapper with a 30 m ground resolution using ARC/INFO software (Lillesand et al., 1998) .
We digitized effective impervious areas in watersheds and land uses in 0 to 10 m, 10 to 20 m, and 20 to 30 m buffers from digital orthophoto quadrangles using ARC/VIEW software with ground truth verification when needed. The digital orthophoto quadrangles were produced from 1992 (1:40,000 scale) and 1995 (1:19,200 scale) National Aerial Photography Program (Wisconsin Department of Natural Resources, unpublished data) with a resulting ground resolution 1 m or less. This high resolution digital orthophotography provided detailed urban land use in the watershed and in stream buffers. We considered all streets, sidewalks, parking lots, rooftops connected with pavement driveways, and driveways as effective impervious area. We did not use WISCLAND to generate watershed imperviousness and buffer land use data because its 30 m resolution was too coarse for identifying urban imperviousness and buffer land uses. We did not digitize all the watershed land uses from the digital orthophotography because the digitizing process was too time consuming and costly.
Data Summary
We summarized the 31 WISCLAND watershed land use types into nine major categories, including agriculture, barren (land with limited ability to support life), grass, urban, water, wetland, woodland, other land, and vegetated land (grass + woodland) ( Table 1) . Each land category was expressed as a percentage of total watershed land use. We also expressed impervious land as a percent total watershed area because imperviousness is an excellent integrative measure of the extent and intensity of urbanization (Schueler, 1994; Arnold and Gibbons, 1996; . The different land use types (crop, grass, pasture, urban, water, wetland, wood, vegetated) within the 0 to 10 m, 10 to 20 m, and 20 to 30 m buffers and beyond the 30 m buffer in the watersheds (Table 1) were each expressed as a percentage of total land uses to test if the locations of the land uses had different effects on stream characteristics.
From the habitat data, we summarized means for variables ( Table 2 ) that had been shown to influence macroinvertebrate composition (e.g., Merritt and Cummins, 1984) from the numerous instream physical habitat measurements for each site. For baseflows, we calculated a value adjusted for differences among sites in the sizes of their watersheds. Our adjusted values were expressed as the quotient of the measured baseflow divided by the watershed area. Such an adjusted baseflow is relatively consistent for streams with similar amounts of groundwater inputs and can be used to measure baseflow changes resulting from watershed land modification (Klein, 1979; Seelbach et al., 1997; Wang et al., 2001) . From the water temperature data we calculated the maximum daily mean, instantaneous minimum and maximum during the measurement period, maximum and minimum of the first three weeks of July, and maximum and minimum of seven-day mean. We also calculated the differences between instantaneous maximum and minimum, between maximum and minimum of the first three weeks of July, and between maximum and minimum of seven-day means. These are temperature measurements that best reflect thermal impairment by watershed land modification in the Midwestern United States .
From the macroinvertebrate data, we calculated the Hilsenhoff biotic index (HBI), which is an index calculated based on the tolerance value of each macroinvertebrate taxon (Hilsenhoff, 1987) . The index values could range from 0 to 10, with higher values indicating more degraded water quality. The index was developed for Wisconsin streams and has been widely used in many other areas in the United States. We also determined the total number of taxa; percentages of taxa and individuals for Ephemeroptera, Plecoptera, and Trichoptera (EPT); percentages of individuals for the two most numerous taxa, depositional taxa, Chironomidae, gatherers, filterers, herbivores, predators, scrapers, and shredders. These macroinvertebrate measures have been shown to be sensitive to nonpoint source pollution (e.g., Kerans and Karr, 1994; Karr and Chu, 1999; Stepenuck et al., 2002) .
Statistical Analysis
Because only a small number of the stream sites (20 percent) contained shredders and the percentage did not show any correlation with environmental variables during a preliminary data evaluation, we did not include this variable in further data analyses.
We used a two-step approach to describe the environment macroinvertebrate relation and to evaluate the relative influence of different scales of land uses on macroinvertebrate communities. In Step 1, we first performed canonical correspondence analysis (CCA) with the forward selection procedure using CANOCO (ter Braak and Smilauer, 1998) on log transformed data to select habitat variables, land uses in the three buffer zones, and land use in watershed that were significantly (p < 0.05) correlated with the macroinvertebrate axes. We then conducted CCA again using the selected variables to identify the major environmental factors that determined stream macroinvertebrate compositions. Lastly, we visually examined relations among the major environmental features and the key macroinvertebrate variables.
In
Step 2, we first conducted redundancy analysis (RDA) using partition procedures (CANOCO software) (ter Braak and Smilauer, 1998) to determine the relative influences of all land uses collectively within the 30 m buffer and outside the 30 m buffer on macroinvertebrate compositions. We then, using the same analysis procedures, evaluated the relative influences of land uses in 0 to 10 m, 10 to 20 m, and 20 to 30 m buffers on the various macroinvertebrate measures.
RESULTS
Watershed Land Use and Instream Habitat
The study watersheds spanned a range of urban and agricultural land uses (Table 1 ). The urban land use upstream of the sampling sites ranged from less than 1 percent to 82 percent with a mean of 12 percent, and agriculture ranged from 1 percent to 78 percent with a mean of 37 percent. The proportions of these two types of land uses in the watersheds were inversely correlated (Spearman's correlation r = -0.62, p < 0.01). The study watersheds also had a range of vegetated land (7 percent to 79 percent, with a mean of 43 percent) and water and wetland (0 percent to 18 percent, with a mean of 5 percent). The vegetated land was not correlated with water or wetland (p > 0.05). Percentages of urban land in the watersheds were negatively correlated with vegetated land (r = -0.48, p < 0.01) but not correlated with water or wetland. Percentages of agriculture in the watershed were significantly correlated with water and wetland (r > -0.40, p < 0.05) but not correlated to vegetated land (p > 0.05). Buffer land use was partially related to watershed land use. The proportions of urban and agricultural land uses in each of the three buffer zones were correlated with land use in the watershed. Spearman's correlations for agriculture and urban land uses ranged from 0.41 to 0.77 (p < 0.01). However, vegetated, water, and wetland lands in the buffers were not correlated with land uses in the watershed (p > 0.05). Percentages of particular land uses were highly correlated among the three buffer areas. Spearman's correlations were 0.78 to 0.88 for urban, 0.80 to 0.95 for agriculture, 0.87 to 0.91 for vegetated land, and 0.94 to 0.99 for water and wetland.
The sampling sites also had a range of physical habitat and water quality (Table 2) . Stream gradients varied from near flat to 9.5 m/km (mean = 3.5), mean stream width from 2.1 to 9.9 m (mean = 4.6), bank erosion from less than 1 to 63 percent (mean = 21 percent), and pool habitat from 0 to 35 percent (mean = 7 percent). Stream substrates varied considerably. The sum of gravel, cobble rubble, and boulder (i.e., rocky substrate) from 0 to 77 percent (mean = 31 percent), the sum of silt, sand, and detritus (i.e., fine substrate) ranged from 12 to 100 percent (mean = 62 percent), and the depth of sand and silt sediments from 1 to 37 cm (mean = 12 cm). Water quality and other physical properties also varied substantially. Conductivity ranged from 158 to 807 µs/cm (mean = 527), dissolved oxygen ranged from 5 to 11 mg/l (mean = 9); water discharge ranged from 0.3 to 45.7 m 3 /s/1000km 2 , daily mean and maximum instantaneous water temperature from 14 to 28˚C (mean = 20) and 18 to 30˚C (mean = 23), respectively.
Macroinvertebrate Communities
We found a variety of macroinvertebrate communities in the study streams (Table 3) . We collected 79 taxa in the riffle and 97 in the snag samples. About 6 percent of the streams had less than 10 taxa, and 40 percent had more than 20 taxa. The number of EPT taxa ranged from 2 to 11 (mean = 6.6) in riffle and 1 to 19 (mean = 6.1) in snag samples. The percentages of EPT individuals varied between 2 and 78 percent (mean = 35 percent) for riffle and 1 and 89 percent (mean = 36 percent) for snag samples. According to HBI scores (Hilsenhoff, 1987) , about 77 percent of the streams had good to excellent condition (HBI < 5.50), 13 percent had fairly poor to poor condition (HBI = 5.51-7.50), and none of them was in very poor condition (HBI > 8.51).
Influence of Watershed and Instream Factors on Macroinvertebrate Communities
The first CCA forward selection procedure showed that eight of the 76 environmental variables were significantly (p < 0.05) correlated with macroinvertebrate axes for riffle samples and seven of the 76 variables were correlated with snag samples (Tables 1  and 2 ). Maximum weekly water temperature, watershed imperviousness, and channel sinuosity were correlated with both riffle and snag samples. Algal and detritus substrates, watershed barren land, and water depth were correlated with riffle samples only. Watershed wetland, gravel substrate, water conductivity, and vegetated land within the riparian area were correlated with snag samples only.
In the second CCA analysis, the selected environmental variables explained 61 percent of the variation for the macroinvertebrate communities from the riffle habitat (Table 4 ). The first CCA axis showed that watershed imperviousness, stream temperature, and detritus were positively associated with gatherer macroinvertebrates and negatively associated with percentages of EPT individuals, scrapers, filterers, and EPT taxa. The second CCA axis indicated that stream temperature and watershed imperviousness were negatively correlated with percent EPT taxa and positively correlated with HBI and percentages of herbivores, predators, and Chironomidae. The third CCA axis showed that stream temperature and barren land were negatively associated with percent EPT individuals. A plot of the first and second CCA axes identified that stream temperature and watershed urban development were major environmental factors associated with riffle macroinvertebrate communities (Figure 2) .
The second CCA analysis on the samples from snag habitat showed that the selected environmental variables explained 48 percent of the variation for the macroinvertebrate communities (Table 4 ). The first CCA axis indicated that stream temperature, conductivity, and watershed imperviousness positively correlated with percent gatherers and negatively correlated with percentages of EPT individuals, filterers, scrapers, and number of taxa. The second CCA axis showed that stream temperature and watershed imperviousness positively correlated with percent predators and HBI scores. The third CCA axis showed that gravel substrate, stream sinuosity, and watershed wetland were negatively associated with percentages of the two most numerous taxa individuals. The plot between the first and second CCA axes also identified that stream temperature and watershed imperviousness were the dominant environmental factors associated with snag macroinvertebrate communities (Figure 2 ).
Plots between two of the most significant environmental variables (watershed imperviousness and water temperature) and the selected macroinvertebrate variables revealed some obvious trends ( Figure  3) . The HBI scores increased linearly with stream temperature, and this relationship was much tighter for riffle than for snag samples. The percentages of EPT taxa, filterers, and gatherers decreased as stream temperature increased. The other macroinvertebrate variables did not show a clear relation with stream temperature. The HBI scores also increased linearly as watershed urban land use increased. Percentages of EPT individuals, EPT taxa, filterers, and scrapers showed nonlinear relations with levels of watershed urban land use. At low levels of watershed urbanization, both high and low values of these macroinvertebrate variables were observed. When watershed effective imperviousness exceeded 7 percent, the values of these macroinvertebrate variables were inevitably low. The relation between scrapers and urban land use was apparent for riffle samples only, and no obvious relation was observed between gatherer macroinvertebrates and urban land use.
Influence of Different Spatial Scales of Land Uses on Macroinvertebrate Communities
Our RDA analysis showed that the different scales of land use altogether explained 69 percent of the variation for riffles and 57 percent of the variation for snag macroinvertebrate measures (Figure 4) . Land uses within and outside the 30 m buffer explained a similar amount of variation for riffle macroinvertebrates (31 percent versus 28 percent), whereas land use within the 30 m buffer explained slightly more variation for macroinvertebrates from snags than did land use outside the 30 m buffer (32 percent versus 25 percent). Our RDA analysis indicated that the threebuffer scale land uses alone explained 40 percent of the variation for riffle and 32 percent for snag macroinvertebrate communities. Of this explained variation, the land uses in the three buffer zones explained a similar amount of variation for riffle macroinvertebrate samples (27 to 29 percent), whereas land use within 0 to 10 m buffer explained substantially more variation (34 percent) than did the land use in 10 to 20 m (25 percent) or 20 to 30 m (23 percent) buffer zones for snag samples.
DISCUSSION
Key Environmental Factors That Affect Macroinvertebrate Communities
Our study identified that summer stream temperature and the level of watershed urbanization were the two most influential factors in determining cold water stream macroinvertebrate assemblages for both riffle and snag habitats. Although these two factors were significantly correlated, urban land use explained only a small portion (32 percent) of the variation in stream temperature, indicating that other factors, such as stream width and shading, may also influence stream temperature. For the study streams, water temperature and urban land use each influenced different components of the macroinvertebrate assemblage. Urban land use mainly affected values of macroinvertebrate tolerance measures (i.e., positively associated with HBI scores and negatively correlated to EPT abundance). In contrast, stream temperature predominantly influenced taxa richness, and the relative abundance of functional feeding groups was positively correlated with percentage of predators and taxa richness and negatively correlated with percentages of gatherers and two most numerous taxa individuals. These results emphasize the fundamental role of water temperature in determining cold water macroinvertebrate assemblages.
The other environmental factors strongly associated with macroinvertebrate assemblages were different between riffle and snag habitats. For riffle samples, macroinvertebrate assemblages were strongly associated with detritus, water depth, algae, and barren land, whereas macroinvertebrate assemblages from snag habitat were correlated mainly with water conductivity, riparian vegetated land use, watershed wetland, and gravel substrate. Although macroinvertebrate data from both riffle and snag habitats showed a similar urban degradation trend, our results imply that the mechanisms regulating macroinvertebrate assemblages differ between the two habitat types.
The fundamental regulatory mechanisms of water temperature in determining macroinvertebrate natural distributions have been well documented, but the influence of urbanization on water temperature regimes and hence on macroinvertebrates are less studied. Vannote and Sweeney (1980) synthesized site specific new and geographically broad published data and concluded that local and geographic thermal variation of rivers was a primary force controlling the composition, development, and function of aquatic insect communities. Many studies that examined variation in stream macroinvertebrate assemblages across broad spatial scales found that temperature was related to variation in assemblage structure (e.g., Bunn et al., 1986; Moss et al., 1987; Quinn and Hickey, 1990; Marchant et al., 1994) . Because temperature affects the growth, metabolism, reproduction, emergence, and distribution of stream macroinvertebrates (Vannote and Sweeney, 1980) , if watershed human activities have modified the natural stream thermal regimes, we then expect a modified macroinvertebrate assemblage. These previous findings are consistent with ours in that stream temperature has a strong influence on macroinvertebrate community structure and function.
Our finding that urban land use has a stronger influence on macroinvertebrates than channel morphology, substrate, or water quality measures is not surprising. Previous studies have yielded similar findings, although these studies did not consider multiple spatial scales simultaneously. Jones and Clark (1987) studied 22 streams in northern Virginia and found that percent abundance of the order Diptera, a relatively tolerant group, was 12 to 36 percent at rural sites, 14 to 66 percent at moderately urbanized sites, and 33 to 99 percent at heavily urbanized sites. In North Carolina, the relative abundance of EPT was an order of magnitude lower in an urban stream than in either a forested or an agricultural stream (Lenat and Crawford, 1994) . Kemp and Spotila (1997) reported that Amphipoda, Ephemeroptera, Chironomidae, Plecoptera, and Trichoptera were more abundant at a rural Pennsylvania stream and Isopoda and Oligochaeta dominated at an urbanized stream. Stepenuck et al. (2002) studied 43 warm water streams in Wisconsin and found that watershed urbanization level was negatively correlated with EPT abundance and positively correlated with the HBI. They also found that many of the macroinvertebrate measures negatively correlated with urban land use were positively correlated with agricultural land. These results, in conjunction with ours, indicate that urban land use has a dominating influence on stream macroinvertebrate assemblages in comparison with other land uses.
Watershed urban land use also influences macroinvertebrate assemblages indirectly through its effects on local scale stream morphology, substrate, and physicochemical properties. Richards and Host (1994) evaluated relations between macroinvertebrate assemblages and environmental factors at separate spatial scales for streams on the north shore of Lake Superior. They reported that substrate embeddedness and size, woody debris, algal abundance, stream width, amount of run habitat, degree of shading, and sinuosity were local scale habitat variables that explained macroinvertebrate assemblages and that five of these eight local variables correlated with watershed urban and agriculture land uses. Richards et al. (1997) also reported that cross-sectional areas at bankfull discharge, percent shallow, slow water habitats, and percent fines were the most important local factors for predicting macroinvertebrate species traits in 45 nonurban Michigan streams. They found that catchment features, in particular surficial geology, influenced macroinvertebrate assemblages through their control over channel morphology and hydrology and that the effects of agricultural land use were masked by geology and lack of precision in land use data. Our results support the idea that large scale land use and catchment characteristics are key determinants of macroinvertebrate assemblages.
Relations Between Key Environmental Factors and Macroinvertebrate Measures
Linear relations between stream temperature and several macroinvertebrate measures were observed. However, the relations between stream temperature and EPT taxa or filterers became apparent only when the upper boundaries of the data distribution were examined. This is because factors other than temperature also affected these macroinvertebrate measures and introduced considerable variation below the upper boundary, resulting in wedge shaped data distributions. Using multiple linear regression, Sponseller et al. (2001) examined data from nine forest agriculture dominated watersheds in southwestern Virginia and found that maximum summer water temperature negatively correlated with total macroinvertebrate taxa and EPT taxa and positively correlated with percent of five dominant taxa. Using a multivariate approach, Griffith et al. (2001) evaluated data from 86 watersheds with some extent of agricultural disturbance in the southern Rockies ecoregion and also reported that stream temperature was associated with macroinvertebrate assemblage measures.
Our study implies that streams in rural watersheds with little or no urbanization may have highly variable macroinvertebrate assemblages, but at least some of these streams are in fair to good condition, The effects of urbanization on stream macroinvertebrates are manifested at surprisingly low levels of imperviousness. The initial apparent impact is about 7 percent effective imperviousness, and beyond that macroinvertebrate conditions are inevitably poor.
Our findings on the relationship between watershed urbanization and macroinvertebrate assemblages are remarkably consistent with those across the United States. In the Mid-Atlantic states, Klein (1979) studied macroinvertebrates in 13 streams in the Maryland Piedmont. Five watersheds with total imperviousness between 0 to 1 percent had 9 to 19 macroinvertebrate taxa. The remaining eight watersheds with imperviousness between 17 to 56 percent had two to eight taxa. Schueler and Galli (1992) examined 23 headwater stream sites in the Anacostia watershed, Maryland, and found that all stream sites with less than 10 percent total imperviousness had good to fair macroinvertebrate diversity. Nearly all sites with 12 percent or more impervious area had poor diversity. Jones and Clark (1987) monitored 22 stream sites in northern Virginia and concluded that macroinvertebrate diversity declined markedly after the watershed population density exceeded four or more individuals per acre. Shaver et al. (1994) analyzed data from 19 stream sites in Delaware and suggested that macroinvertebrate biological score dropped dramatically when imperviousness in watersheds increased above 8 to 15 percent. Beyond this imperviousness level, biological quality was consistently very low. In the Pacific Northwest, Horner et al. (1996) and May et al. (1997) determined that benthic invertebrate IBI scores declined sharply when total imperviousness increased from 5 to 12 percent. Scores were consistently low when imperviousness was greater than 12 percent in the Puget Sound lowlands of Washington state. In Wisconsin, Stepenuck et al. (2002) evaluated 43 warm water streams and found a substantial decrease in the Shannon diversity index, percentage of EPT individuals, taxa richness, and various feeding group variables and an increase in the HBI when effective imperviousness changed from 8 to 12 percent.
Impacts of Spatial Distribution of Land Uses on Macroinvertebrate Communities
We found that land uses closer to streams were more influential on macroinvertebrate assemblages than the same land uses located at distance. This phenomenon was more apparent for snag than for riffle samples. The function of natural riparian areas in protecting stream quality has been well documented (see reviews by Castelle et al., 1994; Lyons et al., 2000) . The major roles of a natural riparian zone are to act as a buffer for reducing rapid runoff that can result in drastic increases in water levels and in frequency of flooding; to reduce sediments, nutrients, and toxicants being washed from terrestrial into the streams; to dampen fluctuations and extremes in water temperature; to protect banks from erosion and destabilization; and to provide food sources and habitat diversity for aquatic life.
The disproportionate influence of riparian land use relative to watershed land use has only been recognized in recent years. Because of the unavailability of high resolution and up-to-date land use data, earlier comparative studies were inconclusive (e.g., Richards and Host, 1994; Wang et al., 1997) . With the development of more advanced geographic information systems and the increased availability of more precise and current land use databases, it has become increasingly clear that agricultural or urban activities in riparian areas can cause substantially more damage than the same activities away from stream channels. Richards et al. (1996) reported that land cover in riparian areas explained more variance in the percentage of stream fine substrate and in bank erosion and was more strongly associated with macroinvertebrate indices than land cover in the entire watershed. Lammert and Allan (1999) found that land use near the stream predicted biotic conditions better than regional land use in explaining the variability observed in fish and macroinvertebrates. Stewart et al. (2001) also reported that agriculture near streams had more influence on fish and macroinvertebrate communities than agriculture in other portions of the watershed. Wang et al. (2001) showed that urban land use within a 50 m buffer along the stream or within a 1.6 km radius upstream of the sampling sites had more influence on stream fish than did comparable urbanization farther away. Although the riparian area may seem insignificant in size relative to total watershed area, the aforementioned studies plus the results presented here indicate that protecting or restoring undisturbed buffer along urbanizing streams can offset some of the negative effects of watershed urban land use on stream ecosystems.
SUMMARY
Our study has indicated that the percentage of watershed urban land use is the most important environmental factor influencing cold water macroinvertebrate assemblages in urbanizing watersheds. Using impervious surface area as a measure of urbanization, we found that high quality index values for the macroinvertebrate measures were possible if effective imperviousness was less than 7 percent of the watershed area, but low quality values were inevitable above 10 percent imperviousness. Imperviousness levels between 7 percent and 10 percent represented a threshold urban development zone where minor changes in urbanization could result in major changes in cold water stream macroinvertebrate communities. Our study showed that this threshold zone is 1 to 2 percent lower and narrower in cold water streams than in warm water streams. Using a multivariate approach, we also found that land uses in the riparian area were equally or more influential relative to those in the rest of the watershed, although the riparian area comprised of only a small portion of the entire watershed.
Our study also suggests that water temperature is as important as urban land use in explaining characteristics of cold water macroinvertebrate assemblages in urbanizing watersheds. Although urban land use and water temperature are correlated, each influences different components of the macroinvertebrate community. Stream temperature and urban land use are the two most important factors shaping macroinvertebrate compositions for both riffle and snag habitats, but other influential factors differ between riffle and snag habitats. Detritus, percent algae, water depth, and percent watershed barren land are more important for macroinvertebrate assemblages in riffles, whereas water conductivity, riparian vegetated land, gravel substrate, and percent watershed wetland are more influential for those in snags. These results indicate that stream temperature may be one of the major factors through which human activities degrade streams. Additionally, macroinvertebrate data from snags, especially for low gradient streams without riffles, should not be interpreted in the same way as those from riffles because their macroinvertebrate assemblages are different and they respond to human disturbance differently.
Our results have several implications for watershed management. Urban development schemes that minimize the total amount of impervious areas and that avoid development in areas where major ground water recharge occurs should reduce the impact of urbanization on cold water streams. Urban watershed best management practices such as detention ponds should not only focus on reducing peak flows and increasing baseflow but also on maintaining natural ground water recharging rates and natural stream thermal regime. Because the impervious threshold zone is 1 to 2 percent lower and narrower in cold water than in warm water streams, low level urban development in watersheds can cause more damage to cold water streams than to warm water systems. Sufficient width of undeveloped buffers along riparian areas should be more beneficial in maintaining stream natural thermal regimes. Ultimately, however, the amount of impervious surface in the watershed will have to be limited if a healthy cold water stream system is to persist.
